Two empirical methods for rating susceptibility of mountain pine beetle attack in ponderosa pine were evaluated. The methods were compared to stand data modeled to objectively rate each sampled stand for susceptibly to bark-beetle attack. Data on bark-beetle attacks, from a survey of 45 sites throughout the Colorado Plateau, were modeled using logistic regression to estimate the probability of attack on individual trees from tree and stand variables. The logistic model allowed flexibility to easily scale results up to a stand level for comparison to the empirical methods. The empirical method, developed by Munson and Anhold, most closely correlated to the logistic regression results. However, the Munson/Anhold method rated all 45 study sites as either moderately or highly susceptible to bark-beetle attack, which raises concern about its lack of sensitivity. Future work on evaluating risk of bark-beetle impact should consider more than stand characteristics.
Introduction
Native bark-beetle species are important to forest ecosystems. Although bark beetles kill trees, dead wood is a necessary component of healthy ecosystems. Dead trees affect carbon and nutrient cycling, wildfire behavior, stream channel morphology, plant reproduction, and wildlife and other organism habitat. However, resource managers face many situations where insect outbreaks warrant intervention. Methods to rate forest stands according to likelihood of bark-beetle outbreak can aid forest management decisions. Silviculturalists can use risk-rating methods to devise harvest strategies that reduce susceptibility to outbreaks in high-value timber stands. Recreation planners and landscape architects need methods to predict tree loss to campgrounds and scenic corridors. Concern over declining forest health and the realized need to manage entire ecosystems are fueling the demand for methods to quickly assess forest insect impacts.
On the Colorado Plateau, two methods are available for rating ponderosa pine (Pinus ponderosa) stands for susceptibility to mountain pine beetle (Dendroctonus ponderosae) attack. Munson and Anhold (1995) devised a rating technique to classify stands as low, moderate, or high susceptibility (table 1) . This method requires stand measurements of basal area, average ponderosa diameter at breast height (dbh), proportion of ponderosa in canopy, and number of currently infested trees. Another similar method for Black Hills ponderosa (Stevens and others 1980) might also be applicable (table 2) . Because both methods were developed from professional judgement instead of rigorous data analysis, testing them against objective data is necessary. However, direct evaluation of the empirical methods is difficult because it is hard to collect suitable data for comparison. One problem is finding field sites to represent a range of stand conditions where bark-beetle history is known for all host trees. The beetle history is needed to separate the non-attacked trees and stands into those that are successfully resistant to attack and those that have not been challenged by bark beetles. This distinction is necessary to clearly characterize stand conditions that are resistant to bark-beetle attack. An alternative to tree-level historical data, is broad-scale survey of an area under bark-beetle attack to include a range of endemic and epidemic 
3) Sum ratings (numbers in parentheses) for the four columns to obtain a total rating value: stand conditions. These data would provide general trends of bark-beetle activity within stands, and may offer opportunity for modeling to adjust for some of the uncertainty over non-attacked trees. For this paper, survey data on bark beetles in ponderosa pine were available from a cooperative effort within the USDA Forest Service between Forest Health Protection and Rocky Mountain Research Station. These data were collected to study spatial and temporal relationships of bark-beetle attack in endemic and epidemic situations. Although the data contain much information, this study was limited to a simple evaluation of the 2 existing empirical methods that rate bark beetle susceptibility. Evaluation was done by first modeling the data to objectively rate each sampled stand for susceptibility to bark-beetle attack, comparing the model to the empirical methods.
Field Data Collection
Forty-five sites, representing endemic and epidemic bark-beetle populations, were sampled in Arizona, Colorado, and Utah (table 3, figure 1 ). Twenty O.l-acre circular plots were established at each site. Generally, sampling was done with 2 parallel transects where each transect contained 10 contiguous plots. In a few cases, transects were perpendicular or otherwise shifted to fit within a homogenous stand. All tree species were identified and measured for dbh. In addition, Keen's (1943) tree class, mistletoe rating, and past barkbeetle activity were recorded for all ponderosa pine. Field crews estimated year-of-attack for 3 previous years by comparing foliage redness and needle retention to previous observations of tree conditions after beetle attack. The summer of barkbeetle attack pitch tubes are evident and foliage is green. Foliage begins to redden the first year after attack, but none falls. By the second year, foliage is deep red and begins to fall. Most foliage falls between the second and third year after barkbeetle attack.
An 18% subsample of ponderosa pine (the first 2 live trees encountered on each plot) was measured for growth, age, height, and crown characteristics. Crown cover, elevation, topographic features, and geographic coordinates were also recorded for each plot. One plot per transect was permanently established by recording tree distance and azimuth from plot center; the rest were temporary plots.
Of the 45 sites sampled, bark-beetle attacks were found on 38. However, beetle-attacked trees were confined to only 21 % of the 760 plots within the 38 Table 2 . Stevens, McCambridge, and Edminster (1980) risk rating technique for mountain pine beetle attack in Black Hills ponderosa pine. 1) Determine the following stand conditions for live trees 5.0 inches dbh and larger: basal area, average dbh for ponderosa pine (PP), and stand structure.
2) Using the following table and the above stand characteristics total the corresponding rating values enclosed in parentheses:
Basal area Average PP dbh Stand structure (ft2/acre) (inches)
3) Multiply (NOT sum) the ratings (numbers in parentheses) for the three columns to obtain a total rating value: attacked sites. Also, beetle activity tended to occur among consecutive plots within transects (figure 2).
Data Summary
More than 19,000 trees were measured, of which 10,857 were ponderosa pine. The other 8,900 trees, which were mixed with the ponderosa pine, were either Douglas-fir (Pseudotsuga menziesii), white fir (Abies concolor), Gambel oak (Quercus gambelii), or blue spruce (Picea pungens). Aspen (Populus tremuloides) occurred on some sites but was not measured.
Bark beetles attacked 719 trees or 7% of the ponderosa. On sites rated as epidemic or post epidemic, about 18% of the ponderosa were attacked. Attack rates were up to 23 and 31 %, on epidemic and post epidemic sites, for trees 8 inches dbh and larger. Mountain pine beetle accounted for 79% of the attacks; 15% were round headed pine beetle (Dendroctonus qdjunctus), and the rest were either western pine beetle (D. brevicomis), larger Mexican pine beetle (D. approximatus), red turpentine beetle (D. valens), or Ips species.
Average dbh of attacked trees was 13.2 inches, which was significantly larger than the 10.1-inch average dbh for non-attacked trees (according to paired t-test at 0.5 probability level). More than 10% of the trees in the larger diameter classes (> 10 inches dbh) were beetle-attacked (figure 3). The 4-and 6-inch dbh class had greater mortality from other causes than from bark beetles. Da ta were summed for plots and sites into variables describing stand structure. Trees per acre (TPA), basal area per acre (BA), stand density index (SDI) (Long and Daniel 1990, eq. 4) , and quadratic mean diameter (QMD) were calculated for live and beetle-attacked trees in several diameter groups.
Generally, the stand structure variables showed greater tree density for beetle-attacked plots than for plots that were not attacked. For example, the mean stand density index (SDI) for beetle-attacked plots was 244, which was significantly larger than the mean SDI of 200 for non-attacked plots (from paired t-test with 0.5 probability level) (figure 4).
Model Construction
The most difficult task was selecting a suitable response variable to represent risk or susceptibility of ponderosa pine to bark-beetle attack. The data were from a sample survey of beetle attacks at various infestation stages. Evidence of beetle attack on individual trees or amount of a plot attacked was easily observed, but unattacked trees and plots posed some uncertainty. Was the unattacked tree or plot less desirable for bark beetles, or was it suitable habitat that was not yet exploited? Also, since trees were sampled at a single point in time, the stage of an outbreak or its final extent was unknown.
With these concerns in mind, data were subset and backdated for analysis to represent plot conditions at the time of the first attack. Out of 900 plots, the subset included only 163 plots showing barkbeetle activity. If at least 1 tree on each plot was attacked, we assumed that all trees within the plot were challenged by bark beetles. Therefore, nonattacked trees were considered less susceptible due to resistant attributes of the individual tree or surrounding stand.
Trees attacked by bark beetles were backdated for analysis to represent a time series from 3 years before sampling. Using estimated year of beetle attack, the plots were reconstructed to correspond to conditions for the first year of beetle entry. This allowed modeling to focus on attacked trees in comparison to the stand conditions that initially attracted the beetles. Annual backdating beyond 3 years was impossible because older beetle attacks could not be readily determined in the field.
The subsetting and backdating of plots to mimic conditions at the time of the first beetle attack reduced data available for modeling. The number of non-attacked trees was reduced from 10,857 to 1,722, since only 163 plots had at least 1 attacked tree. The number of attacked trees was reduced from 719 to 478, since trees attacked in years subsequent to the initial beetle attack were treated as non-attacked. Hence, attacked trees in the analysis were only associated with stand conditions that first attracted bark beetles. If trees attacked in the years after the initial beetle entry had been included, the model would have confounded susceptibility prediction with sustaining an attack. The data supported this distinction, because the average diameter of trees attacked in the years following the initial beetle entry was about 2.0-inches smaller than average diameter of trees initially attacked.
Therefore, we assumed that all trees used in the analysis were challenged by bark beetles and were modeled as a binomial response variable (1 = attacked, ° = not attacked). Modeling used logistic 6 regression to estimate the probability of attack from the available tree and stand variables. This technique met the need for an objective analysis and allowed flexibility to easily scale results up to a stand level.
Potential predictor variables represented 3 levels of scale resolution: tree, plot, or site. Tree-level variables included dbh, height, growth, age, and Keen's classification. Variables describing plots and sites were computed for the same attributes, but site variables were averaged over 20 plots. Plot variables described each O.l-acre plot as a microsite. The variable list included slope, aspect, elevation, crown cover, number of trees, basal area, quadratic mean diameter, and stand density index. Plot and site variables for tree attributes were calculated for all live ponderosa and, again, for currently attacked ponderosa. In addition, calculations were repeated to establish variables for all trees larger than threshold diameters of 1.0, 3.0, 5.0, and 9.0 inches. The final list totaled about 50 variables.
Stepwise logistic regression (SAS 1989) was used to select a model from the list of potential variables. The most important variable identified was a plotlevel stand density index calculated from only the trees on a plot that were currently under beetle attack (BSDI) (table 4). Nextinimportance was tree dbh. Other significant variables were plot-level basal area (BA) and quadratic mean diameter (QMD) for live ponderosa pine, which were included with negative coefficients indicating more likely beetle attack for smaller BA and QMD. Although somewhat contrary to expectations, Olsen and others (1996) observed similar results for rela ting the QMD attribute to mountain pine beetle attack in the Black Hills of South Dakota. Finally, a competition variable was included, which corresponded to the amount of SDI on a plot for all trees larger than each subject tree. This variable was zero for the largest tree on a plot, and it progressively increased for each smaller tree until almost reaching total plot SDI for the smallest tree.
Although many site-level variables were available for the stepwise variable-selection process, none were selected by the regression algorithm. This may indicate that individual-tree attack is more influenced by micro sites (i.e., plot-level variables) than by overall stand conditions.
The R2 goodness-of-fit statistic indicated about half of the total variation explained by the logistic model (table 4) , and most of this was due to inclusion of the beetle-attacked SDI variable (BSDI). The aLogistic regression model: logit(p) = Po + P 1 X 1 + P 2 X 2 + P 3 X 3 + P 4 X 4 + PsXs
R2 for the total model was 0.47, and it was 0.28 when excluding all variables except BSDI. For a model including only 2 most important variables, BSDI and dbh, the R2 was 0.37.
Model Application
Direct application of the logistic regression model to stand data has the drawback of being highly dependent upon current beetle situation in the stand (BSDI or Xl in table 4). In other words, the model lacks some practicality because its predictive warning of high beetle attack depends upon whether beetles have already invaded a stand. However, the model does provide an objective means to rank data when simulating different barkbeetle population levels. Ranking is possible by using actual stand data for all variables except Xl which are defined for different levels of beetle attack. By defining Xl for a fixed level, the remaining model variables rate stands exclusively from stand characteristics.
To illustrate use of the logistic model (table 4) , where Xl is fixed, the proportion of trees susceptible to attack was calculated for each plot. This
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was done by multiplying estimated p (from logit (p) in table 4) times basal area for each ponderosa tree to obtain the percentage of tree basal area attacked and then summing percentages for each site. Actual tree and plot data were used for variables X 2 through X S ' but X 1 was defined as 75% of ponderosa SOl beetle attacked to standardize model ratings for estimating susceptibility in the event of a severe attack. Because different percentages used for defining X 1 will yield different trends (figure 5), such a model rating is a relative index.
Results and Discussion
Of the 2 empirical rating systems, the Munson/ Anhold method compared most favorably to logistic-model rating (table 5) . For example, Munson/ Anhold risk ratings were within ± 19 of the logistic regression ratings according to regression analysis (figure 6). This meant the two methods had the same general trend for rating susceptibility from stand characteristics. Although the comparison (figure 6) showed the endpoints of the Munson/ Anhold system clumped toward the center rating, which indicates logistic regression rates susceptibility on a wider ranging scale. A similar regression analysis between Stevens/ McCambridge/Edminster and logistic methods showed less agreement. The 95 % confidence ranged from 50% to over 100%, and there was little evidence to suggest that 2 methods rate in a similar trend.
The Munson/ Anhold method seems to rate a rather broad range of ponderosa pine stand conditions as either moderate or high (table 5) . Perhaps factors other than stand conditions alone should be considered in rating stands for bark-beetle impact. Anhold and Jenkins (1987) had difficulty explaining population trends for mountain pine beetle only in terms of lodgepole pine stand density (SDI), and others have shown that a measure of susceptibility that considers only stand conditions is just a first step in the process (Bentz and others 1993; Shore and Safranyik 1992) . For example, a highly susceptible stand could have a very low risk until the appropriate weather conditions occur and a beetle population in the area increases beyond endemic stage. At this point, the stand would have a high risk due to the nearby beetle population and susceptible stand conditions. Future work on ra ting bark-beetle impact should consider more than stand characteristics. Maybe bark-beetle population dynamics and weather are more important than host-tree density for sustaining an outbreak (Bentz and others 1991; Bartos and Amman 1989; Raffa and Berryman 1982) . Results from this study indicate that increasing beetle attack is correlated with increasing SDI, but high SDI may not be a significant factor for outbreak initiation. For example, beetle attack within SDI classes showed steady increase (from 1.9% to 29.5%) as SDI increased, but the total percentage of plots attacked from SDI class-to-class increased much less (from 0.2% to 4.9%) as SDI increased (table 6) . Other unknown factors independent of stand density may initially draw bark beetles to a stand, but once in a stand the beetles seek out the pockets of higher SDI. 
Management Implications
Although native bark-beetle species kill trees that input important dead wood into ecosystems, resource managers face many situations where insect outbreaks warrant intervention. Methods to rate forest stands according to likelihood of barkbeetle outbreak are useful to silviculturalists, recreation planners, forest health specialists, and others.
This study indicates the Munson/ Anhold rating system is reasonable for use in ponderosa pine stands in the Colorado PIa tea u region. The Stevens / McCambridge/Edminster method, developed for the Black Hills, is less appropriate for the Colorado Plateau. The logistic regression method offers another rating system for simulating projected stand conditions for different beetle population levels. However, use any mountain pine beetle risk-rating method with caution because no method based on stand characteristics alone is likely to rate risk of beetle entry into a given stand. The methods are trustworthy in predicting that once beetles enter a stand, the more dense stands with larger stand density index (SOl) can be expected to have greater beetle attack. The Rocky Mountain Research Station develops scientific information and technology to improve management, protection, and use of forests and rangelands. Research is designed to meet the needs of National Forest managers, federal and state agencies, public and private organizations, academic institutions, industry, and individuals.
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